In the past two years a number of changes have been made to the Main Ring Magnet Power Supply System to improve current regulation and long term drift. Some of the modifications discussed include new computers, new passive filters, direct analog feedback, a voltage-to-frequency converter for bend bus regulation, and a "smart" Nuclear Magnetic Resonance probe. Among the improvements to be described are the attenuation of power supply ripple by a factor of five and the reduction of long term flattop drift by an order of magnitude.
Introduction
The Fermilab Main Ring Power Supply System consists of 60 1 KV, 2.8 MW SCR power supplies powering three separate magnet buses; bend, quad focussing, and quad defocussing. The power supplies are located in 24 service buildings distributed around the four mile ring. There are 48 bend supplies, 6 quad focussing supplies, and 6 quad defocussing supplies. During typical operation, the current ramps from 100 amps to 4600 amps (400 GeV flattop), with a cycle time of 10 seconds. The following describes recent improvements to the magnet current regulation system.
Computer Changes
One of the major factors hindering the development of better magnet current regulation was the lack of processor time. The iteration rate of the computer system is 720 Hz, the fundamental frequency of the SCR power supplies. The The transistorized supply is operated with a higher loop gain then the SCR supply, and this extra gain reduces the effective update gain of the system, slowing the learning rate. By increasing the update gain a factor of five while the transistorized supply is on, then smoothly returning to the normal gain, we reduced the ramp learning time from 10 minutes to two.
Feedback Compensation
Through special compensation in the bend bus feedback loop, we have been able to increase the DC loop gain by a factor of two. Figure 1 shows the measured open loop response of the complete regulation system with and without this modification. As can be determined from the figure, this change (consisting of a digital R-C roll-off at about 20 hz) helps compensate for transmission line effects in the magnet bus. 
V/F Converter
In the past the bend magnet field was regulated by a second harmonic probe during injection and three switched analog integrators operating off a db/dt coil during the ramp. The switching between integrators was controlled by software, and depended on bend field magnitude. While triggers are generated and a measure of the modulation current is stored in a sample and hold. These triggers are used by the microprocessor to read the voltage in the sample and hold into memory. The measurement system is enabled only during flattop. In the measurement sequence, individual error samples are averaged to provide a correction to the NMR tuning voltage for subsequent measurements. This is called the LOCK mode of operation. If an insufficient number of samples are generated, the process is aborted and no correction is made. If three consecutive measurements are aborted, the decision is made to search for a new field. Initially, the NMR tuning voltage is calculated from data read from a current transductor on the magnet bus during flattop. In the SEARCH mode of operation, the system will make N increments of delta f above and below the calculated starting point. This mode can be interupted on any cycle if a sufficient number of samples are generated. Immediately following flattop, the microprocessor will read the NMR frequency. If the system is in the LOCK mode, a BCD representation of the frequency will be sent to the power supply computer.
In the SEARCH mode, however, a dummy output (FFFF) is sent. Most of the parameters related to the measurement may be locally updated and read by means of hexidecimal thumbwheel switches and displays.
The NMR reading received from the microprocessor is compared to the average of 20 V/F converter readings taken for that same flattop. The error is used to adjust a scale factor used on subsequent V/F converter readings. In practice we have never seen this error exceed 0.25%. Bringing the NMR on line has decreased the long term flattop drift by a factor of 10. Our 400 GeV level over the past year, checked against our transductor, has been 4611 amps plus or minus one amp.
DAF
Up to now most of the regulation improvements have been concerned with the bend magnet bus. At Fermilab the focussing and defocussing quad magnets are powered from separate buses than the bend magnets.
The quad currents are regulated to a program-controlled Q/B ratio. Until recently this was accomplished by first reading the bend (B) and the bend minus quad (B-Q) transductors, calculating the Q/B ratio, comparing this to the programmed value, and sending the error to the corresponding quad regulating power supply. This system had resolution problems in reading the B-Q transductor and in the digital control of the regulating power supply. Problems were also encountered with the inherent delays in the computer (1.38 A learning system working in conjunction with current feedback corrects for slow line fluctuations. The sub-harmonic 120 Hz ripple components caused by line unbalances however, can not be countered adequately by the above method. While it is possible to modify the passive filter to handle 120 Hz, a method of voltage feedback was considered to be less costly and easier to implement particularly with regard to the space constraints ocurring at the power supplies. In the feedback method, the unfiltered power supply output voltage is fed through a 120 Hz bandpass filter. The resulting signal is used to modulate the operating phase of the power supply. A variable gain, depending upon the DC level of the power supply, is used to compensate for the non-linearity of the phase vs output voltage inherent in these type power supplies. This method reduces the 120 Hz ripple by a factor of 10. This system has not yet been installed in the bend power supplies and therefore 300ma of 120 Hz ripple can be seen in Figure 3 on the bend bus. 
Conclusion
The results of our modifications are partly indicated in Figure 3 , which shows regulation on both bend and quad buses of plus and minus 30 ppm at flattop. The added stability, reproducability, and faster learning have all contributed towards making the Main Ring Power Supply System a smoother running element of the accelerator.
